The mechanisms of metal resistance of a cadmium-resistant Alcaligenes sp. were studied. Growth in a defined medium was unaffected by cadmium at concentrations up to 0.1 mM, while at concentrations up to 2.5 mM, growth occurred after an extended lag phase. The increase in length of the lag phase was abolished by repeated subculturing at these higher concentrations. However, subculture in the absence of cadmium reversed the adaptation process. Plasmid DNA was not detected in adapted cells, suggesting that adaptation is not plasmid mediated. Increased sulfide production in response to cadmium was observed, although the levels were too low to account fully for cadmium resistance. Adaptation of cells to cadmium resulted in the appearance of a major new membrane protein (molecular weight, 34,500) whose presence was not dependent upon the method of membrane preparation. This protein was induced at cadmium concentrations of 0.1 mM and above, but below this level the protein was absent. The onset of growth at concentrations above 0.1 mM was coincident with the appearance of this protein, which was also induced by zinc (0.4 mM) but not by manganese or nickel. The protein was only solubilized by a sodium dodecyl sulfate-2-mercaptoethanol mixture. Similar solubility properties were shown by a second major membrane protein (molecular weight, 33,000). These two proteins proved to be similar by peptide-mapping experiments and amino acid analysis. The appearance of the 34,500-molecular-weight protein and its possible role in cadmium resistance are discussed.
Heavy metals are generally considered toxic to cells (33) . However, many examples of resistant microorganisms have been reported, and the various mechanisms by which microorganisms are resistant to heavy metals have been reviewed (8) .
Several different mechanisms of resistance to cadmium have been reported. In strains of Staphylococcus auireus (32) , the presence of penicillinase plasmids altered the permeability properties of the cell and conferred resistance to low concentrations of cadmium and a number of other metals (0.001 to 0.1 mM). At higher concentrations of the metal (i.e., 1 mM), resistant cells also became permeable to cadmium. In yeasts, metal resistance has been linked with hydrogen sulfide production (7) , detoxification occurring by the formation of insoluble cadmium sulfide. Similarly, cadmium detoxification by formation of the insoluble phosphate by a Citrobacter sp. has been described (19) . In Klebsiella aerogenes, the possession of an extracellular capsule significantly increased survival in 1 mM cadmium when compared with a noncapsulated form (3) .
A number of authors have described the resistance of microorganisms to cadmium by a process of adaptation. Aiking et al. (1, 2) reported that resistance to cadmium (0.6 mM) by K. aerogenes was an adaptive and reversible process which occurred upon prolonged exposure of the organism to the metal. These authors found that, depending upon growth conditions, resistance occurred as a result of detoxification of soluble cadmium as the insoluble metal sulfide at the cell surface (1) or as an insoluble phosphate within the cell (2). Mitra et al. (24) showed that the extended lag period which occurred when Escherichia coli was first exposed to cadmium (3 (31) suggested that such a system operated in cadmium-resistant S. aureus cells, since only the resistant strain effluxed the metal when cells were transferred from a medium containing cadmium to a cadmium-free medium.
A cadmium-resistant organism identified as an Alcaligenes sp. was isolated from sewage sludge by continuous culture (20) , and the mechanisms of resistance were investigated.
MATERIALS AND METHODS
Growth of the cadmium-resistant Alcaligenes sp. The organism (20) was grown in 250-ml shake flasks in 100 ml of a defined basal medium plus trace elements (4) (4) .
Cells described as unadapted were grown in basal medium, whereas adapted cells were repeatedly subcultured in basal medium supplemented with cadmium chloride (0.5 mM) until the length of the lag phase was constant. Ampoules (1 ml) of each of these cultures were stored in liquid nitrogen, to be used as an inoculum for subsequent cultures.
Preparation of bacterial membranes. Membranes were prepared either by the method of Kaback (14) or by glassbead homogenization. Cells (34 g wet weight) were suspended in 30 mM Tris hydrochloride (pH 7.0) (155 ml) and homogenized with glass beads (225 ml; diameter, 0.25 to 0.3 mm) for 2 min (Bead Beater; Life Science Laboratories, Luton, United Kingdom). The glass beads were removed, and DNase (0.5 mg, type 1; BDH, Poole, United Kingdom) was added to the homogenate before centrifugation (40,000 x g for 20 min at 4°C). The top layer of loosely deposited membrane material was resuspended in buffer (50 ml) and centrifuged (3,000 x g for 10 min at 4°C). The pellet was discarded, and the supernatant was recentrifuged (40,000 x g for 20 min at 4°C). The deposited membranes were finally resuspended in buffer (20 ml), dripped into liquid nitrogen, and stored at -80°C.
For some experiments, culture samples (10 to 20 ml) were taken at intervals throughout growth and sonicated for 2 min (Soniprep 150; MSE Scientific Instruments, Crawley, United Kingdom) with a titanium exponential microprobe (tip diameter, 3 mm; 23 kHz). The disrupted cells were centrifuged (1,000 x g for 15 min at 4°C), the supernatant was recentrifuged (40,000 x g for 15 min at 4°C), and the membranes were resuspended in buffer (1 ml).
Analyses. Substrate utilization by the culture was determined with a Citric Acid Analysis kit (Boehringer Corp.
[London], Ltd., Lewes, United Kingdom). Cadmium was assayed by atomic absorption spectrophotometry (20) . Inorganic sulfide was determined by the method of King and Morris (16) as described by Aiking et al. (1) . Protein concentrations were determined by the biuret method (9) with bovine serum albumin as a standard.
Electrophoresis. The protein components of the membrane preparations were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) by the method of Laemmli (17), using a 10% (wt/vol) acrylamide gel. Gels were stained with Brilliant Blue R (Sigma Chemical Co., Dorset, United Kingdom) and destained by diffusion. The molecular weights of the proteins were estimated by comparison with known molecular weight standards (Low Molecular Weight Electrophoresis Calibration kit; Pharmacia Ltd., Milton Keynes, United Kingdom 
RESULTS
Upon isolation, the cadmium-resistant Alcaligenes sp. was grown in basal medium containing 1 mM cadmium, and this culture was used to inoculate medium containing 0.5 to 5.0 mM cadmium. Cadmium concentrations up to 2.5 mM had little effect on the growth period, whereas at 5.0 mM cadmium, growth was slower. However, successive subculturing at 1 mM cadmium progressively decreased the growth period, suggesting adaptation of the isolate to the metal ion.
This adaptation process was investigated by inoculating the organism, grown repeatedly either in the absence of the metal (unadapted) or in the presence of 0.5 mM cadmium (adapted), into medium supplemented with 0 to 5 mM cadmium. At 1.5 mM cadmium and below, the substrate utilization period (i.e., logarithmic phase) of the two isolates was identical (approximately 7.5 h). However, dramatic differences were observed in the lag phases (Table 1) . Adapted cells exhibited a lag phase similar to that of the control (20 h) at cadmium concentrations up to 1 mM, whereas with unadapted cells, the lag phase increased significantly at cadmium levels above 0.1 mM. Adapted cells subcultured once in the absence of cadmium also showed an increased lag phase (27 h) in 0.5 mM cadmnium, indicating that the adaptation process was reversible.
Differences between the adapted and unadapted cells were sought to determine the resistance mechanism(s) permitting growth of the Alcaligenes sp. in the presence of cadmium. Plasmid DNA was not detected in preparations made by any Cells were grown until the absorbance of the culture at 540 nm was approximately 2.5 (mid-exponential phase).
of the methods tested (6, 10, 11) . Sulfide analysis (Table 2) showed that increased cadmium in the medium resulted in increased sulfide production. Adapted cells grown in the absence of the metal produced more sulfide than unadapted cells. However, the levels of cadmium associated with the cells during growth in the presence of cadmium represented a maximum of only 10% of the metal initially present in the medium and therefore were considered insufficient to account for resistance.
SDS-PAGE analysis of the membrane preparations (14) from unadapted and adapted cells showed the presence of an additional major protein in the membranes prepared from adapted cells (Fig. 1 33, 000 (33K protein), present in membranes from both adapted and unadapted cells, showed similar solubility properties. The subsequent removal of SDS with Amberlite XAD-2 resulted in the precipitation of the "insoluble'" membrane proteins.
Quantitative analysis of SDS-gels showed that the ratio of (Table 3 ). This was partially as a result of a decrease in the 33K protein but mostly due to an increase in the 34.5K protein as a percentage of the cell membrane protein.
The two insoluble proteins (33K and 34.5K) obtained from membranes of adapted cells were compared with the 33K protein from unadapted cells by chemical and protease cleavage experiments and by amino acid analysis. The two 33K proteins produced identical cleavage maps, whereas the 34.5K protein produced different but similar cleavage maps (Fig. 2) . Despite the low yields obtained by electroelution, amino acid analyses suggested that the two proteins were of a similar composition ( Table 5 ). Confirmation of their similarity was obtained when a 33K hydrolysate prepared by differential solubilization in SDS-mercaptoethanol gave an analysis similar to that of a 33K-34.5K mixture obtained from adapted cells grown at 0.5 mM cadmium in which over 65% of the protein (analyzed by SDS-PAGE) was 34.5K protein.
DISCUSSION
The growth of the cadmium-resistant Alcaligenes sp. at concentrations up to 0.1 mM cadmium was similar to that in the absence of the metal ion. Above 0.1 mM cadmium an extended lag phase was observed, although growth occurred even at 5 mM. Successive subculturing at these higher concentrations resulted in growth comparable to that in the absence of cadmium. This process was reversible, indicating adaptation rather than the isolation of a more resistant population. Thus, the Alcaligenes sp. is inherently resistant to low levels of metal (up to 0.1 mM) and capable of The plasmid-directed cadmium resistance observed in S. aureus (27) 
